Investigation on the effects of crystallographic surface and sliding orientations of CMSX-4 single crystal Ni-base superalloy (SC) on the cyclic sliding friction (CSF) behavior against IN718 polycrystalline Ni-base superalloy (PC) has been carried out at room temperature and at 600
Introduction
Nickel base superalloys have been widely used in hot section of advanced aircraft and power-generation gas turbines which can hold to their strength and properties at high temperatures. They are primarily used in the combustor and turbine sections of gas turbine engines. Especially, gas turbine blades are often casted as single crystals (SC) of Ni-base superalloys because of their superior creep property, low cycle fatigue and thermomechanical fatigue behavior (Arakere and Swanson, 2001, Huang et al., 2009) . Single crystal blades are mounted on to turbine disks manufactured from polycrystalline (PC) Ni-based superalloys using dovetail or fir-tree connections. Friction and fretting between the SC blade and PC disk occur due to small oscillating relative displacements. When friction/fretting occurs together with high cycle fatigue (HCF) it accelerates the crack nucleation thereby reduces the fatigue life (Fleury et al., 2014) . The effect of crystallographic orientation of single crystal blade with respect to contact normal may significantly influence friction and fretting response. The coefficient of friction (COF) between the mating parts is one of the main factors affecting the fretting fatigue behavior (Arakere and Swanson, 2001, Fleury et al., 2014) . Fleury et al. (2014) highlighted the need for investigation on the orientation dependency on COF and postulated the possible variations in fretting stresses. Huang et al. (2009) reported the crystallographic orientation effect on fretting at room temperature (RT) under different applied displacement amplitudes on (001) face. However, the cyclic sliding friction behavior of SC alloy having different crystallographic surface orientations at high temperature has not yet been established. Rengaraj, Okazaki, Tosa and Kuroda, Mechanical Engineering Letters, Vol.2 (2016) [DOI: 10.1299/mel. In this work, the role of crystal orientation of contact surface and sliding direction on the cyclic sliding friction (CSF) behavior was studied in a combined superalloy system at room temperature (RT) and at 600
• C. The effect of applied normal force and CSF cycles on COF was also explored. Based on these experimental results, discussions were made on the influence of crystallographic orientation of SC on CSF behavior of SC/PC sliding pair.
Experimental procedure

Materials
A SC Ni-base superalloy, CMSX-4, representative material for turbine blades, after standard solution heat treatment and aged conditions was used in this study. A PC Ni-base superalloy, IN718, representative material for turbine disks, was used as a counter body. The chemical compositions of the superalloys used in this study are given in Table 1 . The characteristic microstructures of CMSX-4 and IN718 are shown in Fig. 1 . In CMSX-4, cuboidal γ precipitates are uniformly distributed in the γ matrix. The volume fraction and size of γ precipitates are approximately 63 % and 0.5 µm, respectively. In IN718, a nickel-iron superalloy rich in niobium, γ phase is the primary strengthening precipitate. The average grain size is about 16 µm. The microhardness values of CMSX-4 and IN718 are 490±60 Hv and 480±30 Hv, respectively. 
CSF tests
A ball-on-plate reciprocating sliding friction tester (Made by Shinto Scientific Co., Ltd., HEIDON type HSS2000, managed by NIMS, Japan) was used to measure the coefficient of friction ( Fig. 2(a) ). A pair of SiC heaters of which heat capacity is high enough were used so that they can heat the test section (specimen and slider) to the desired temperature, within ±2
• C. This was achieved by continuously measuring the surface temperature of the specimen using a thermocouple. The SC CMSX-4 specimen was fixed on the table which reciprocated (to and fro) against the PC IN718 slider ball attached to the holder. The position of dead weight was synchronized with the table movement to ensure the application of varying normal load (Fig. 2(c) ). The normal load was applied using dead weight and lever arm and the resulting friction force up on sliding was measured throughout the test by a strain transducer attached to the slider holder. The coefficient of friction (COF) during sliding was then calculated using (Eq. (1)).
Where Q is the frictional or tangential force measured by the strain gage and P is the applied normal force. In this work, specific focus was put on the effects of possible crystallographic factor on the friction behavior. For this purpose, the SC CMSX-4 bars of 13mm diameter and 20mm length were cut from the raw stock. Three specimens with dimensions of about 15 x 10 x 3 mm were extracted in such a way that their width surfaces (15 x 10 mm surface) are almost aligned within 5 degree from (100), (110) and (111) crystallographic planes. The counter body used was slider balls with hemi-spherical ends of φ3mm which were extracted from polycrystalline Ni-base superalloy, IN718. Furthermore, in order to evaluate the CSF behavior of PC/PC contacting pair, specimens were also extracted from PC alloy. Prior to testing, SC or PC specimens and PC slider ends were mechanically polished to mirror finish.
Results
Optical images of sliding traces on SC
The optical images of sliding traces on SC and PC specimen surfaces obtained after testing at room temperature and at 600
• C are shown in Fig. 3 (a), (b) and (c), (d), respectively. The wear trace on SC specimen was broader than PC specimen sliding against PC ball at room temperature. Severe scratching and abrasive wear was observed on all samples tested at room temperature. On the other hand, when tested at 600
• C, the width of wear trace was narrow and grooved deep into the surface. Also up on increasing the temperature to 600
• C, the dendrite pattern was clearly visible in the SC specimens ( Fig. 3(c) ). • C. Abrasive scratching with broader wear tracks were obtained after sliding at RT, whereas, deep grooves with narrow wear track width were obtained after sliding at 600
• C. The dendrite pattern was visible after testing at 600
• C as a result of surface oxidation (c).
Effect of contact surface orientation of SC
The change in COF as a function of applied normal force on SC specimens having different surface orientations sliding against PC sliders is presented in Fig. 4 . The friction response results of PC/PC cyclic sliding contact pair is also plotted for comparison. The error bar in Fig. 4 represents standard deviation over 100 sliding cycles. A significant orientation dependence is evident at a light load of 1 N. At this normal force, the COF increased in the following order: Rengaraj, Okazaki, Tosa and Kuroda, Mechanical Engineering Letters, Vol.2 (2016) [DOI: 10.1299/mel. (100) surface < (110) surface < (111) surface. However, the effect of surface orientation was not significant for higher normal force levels of 5 N and 10 N. The variation of COF is presented in Fig. 5 (a) and (b) as a function of sliding cycles under a fixed normal force of 1 N tested at RT and at 600
• C, respectively. Cyclic sliding at room temperature is characterized by high scatter as a result of severe abrasive scratching (Fig. 3(a) ). On the other hand, when tested at 600
• C, the friction response is relatively smooth and stable. Noteworthy, surface orientation effect could not be seen during sliding at 600
P o n ( 1 0 0 ) , Q a l o n g < 0 0 1 > / P C P o n ( 1 1 0 ) , Q a l o n g < 0 0 1 > / P C P o n ( 1 1 1 ) , Q a l o n g < 1 1 2 > / P C P C / P C 3.3. Effect of contact sliding orientation of SC In addition to CSF tests on different SC surface orientations, tests have also been conducted on two different sliding orientations (crystallographic direction of sliding) on a given surface orientation. Firstly, gradually varying normal force tests have been conducted on (100) SC specimen along two sliding misorientation angles, α, from <001> direction: (i) α = 0
• and (ii) α = 5
• . Figure 6 (a) shows RT COF results as a function of sliding cycles on (100) SC specimen. Here, the data represents the average COF over the entire normal force range (0.1 N − 10 N). As shown in Fig. 6(a) , misorientation of sliding direction from <001> direction revealed higher COF, suggesting the need to explore the role of normal force and temperature on sliding miorientation. Next, fixed normal force tests have been conducted on (100) SC surface, along two crystallographic sliding orientations: (i) α = 0
• i.e. along <001> direction and (ii) α = 45
• i.e. along <011> direction. Figure 6(b) shows the CSF 4 P on (100), Q along <001> / PC @600 °C P on (110), Q along <001> / PC @600 °C P on (111), Q along <112> / PC @600 °C P on (100), Q along <001> / PC @RT P on (110), Q along <001> / PC @RT P on (111) . COF for <011> is higher than that for <001>. COF was reduced by about 30% upon increasing the test temperature to 600
response as a function of fixed normal force applied on (100) SC specimen tested at RT and at 600
• C. The error bars in Fig. 6(b) show the standard deviation of the COF values averaged over 100 cycles. When tested at room temperature, sliding along <011> direction showed a higher COF than <001> primary crystallographic direction. This behavior was found to be existing even for higher normal forces. In other words, it is clear from these results that the deviation from the <001> principal crystallographic direction led to an increase in the frictional force for a fixed normal force. The behaviors are in agreement with the results reported by Huang et al. (2009) and Flom and Komanduri (2002) .
Discussion
As shown in Fig. 4 , pronounced effect of crystallographic orientation on COF is evident when P is low enough. This effect gradually disappeared with increasing P. Similar trends have been confirmed by Buckley (1981) . The latter low dependence of P can be reasonably interpreted by a transition of wear state: from a "mild wear state" to "severe wear state". In this work, the severe wear state might have reached when P > 5 N (Fig. 4) , where the COF was insensitive to the crystallographic orientation. However, under a mild wear state (i.e. when P < 5 N), the COF was strongly dependent on crystallographic orientation. Stress field must contribute significantly to the COF in a mild wear state. It is worthy to note here, the elastic properties of SC Ni-base superalloys vary with crystallographic orientation, resulting in elastic anisotropy. The anisotropy in mechanical properties of SC Ni-base superalloy is presented in Table 2 (Shah and Duhl, 1984, Zhang et al., 2001 ). In the problem of sliding/fretting of SC/PC contacts, the properties along the direction of application of normal force (or, direction of P) as well as that along the direction parallel to the contact interface (or, direction of Q) influence the contact behavior. For example, in the specimen denoted as P on (100), Q along <001> in Fig. 4 , longitudinal modulus is the lowest, whereas shear or transverse modulus and yield strength are the highest on both P and Q directions (see Table  2 ). Any changes in these directions on SC alloy could alter the resulting contact stress field as follows. Table 2 Room temperature mechanical properties of CMSX-4 SC alloy (Zhang et al., 2001, Shah and Duhl, 1984) , and those of IN718 PC alloy.
SC alloy (CMSX-4) PC alloy (IN718) <100> <110> <111> Elastic stress field that dominates in a mild wear state can be estimated by a simplified Hertzian elastic analysis (Johnson, 1985) . Consider an elastic contact between a sphere indenter (PC alloy) and an elastic half-space (SC alloy). The maximum contact pressure p 0 due to applied normal load P by the indenter of radius R on the half-space is approximated by (Johnson, 1985) ,
where, E * is the effective Young's modulus which is related to the elastic properties of contacting bodies (ν p , E p : elastic properties of PC alloy in this study, and ν s , E s : elastic properties of SC alloy in this study). Based on Eq. (2) and mechanical properties listed in Table 2 , the value of p 0 for PC/PC contact and the normalized values of p 0 for different SC contact orientations are given in Table 2 . It is worthy to note that the peak contact pressure is the highest on (111) plane with the highest longitudinal modulus, followed by (110) and (100) planes. This trend can provide a reasonable explanation on the results in Fig. 4 and Fig. 5(a) .
As shown in Fig. 6(b) , for a given crystal plane of contact, sliding along the <011> direction resulted in an increased tangential resistance and, in turn, increased the COF. In other words, the COF increases with the increase in misorientation of sliding direction from the <001> primary crystallographic orientation. These behaviors are in agreement with the results reported by Huang et al. (2009) and Flom and Komanduri (2002) . Tanaka and Oda (1973) studied sliding friction behavior of SC copper against hard sliders of copper and steel. They reported an increase in sliding resistance due to the formation of bulge in front of the slider when sliding along <011> direction. On the other hand, when sliding along <001> direction, the bulges formed at either side of the slider resulting in concave wear track which offer less resistance to sliding in that direction. This anisotropy in surface deformation has also been confirmed by Huang et al. (2009) using finite element simulation. Since the anisotropic formation of bulges should be due to the anisotropies in material yield strength as suggested by Huang et al. (2009) , it seems reasonable to consider that the differences in tangential force resistance in present experiments would have been resulted from multiple material responses: relatively higher elastic modulus, lower shear modulus, lower yield strength and work hardening along <011> orientation, in comparison to those along <001> orientation. This sliding orientation depended friction behavior was continued to exist even after increasing the test temperature to 600
• C, despite oxidation and plastic deformation. The COF at high temperature might also be influenced by material oxidation, which reduced the width of wear trace and in turn reducing the effective contact area covered by thin glaze layer consist of oxides of Ni, Al and Cr. Nanoindentation test of glaze oxide layer on Ni-base superalloy formed up on cyclic sliding against cast iron revealed higher hardness than that of the bulk material (Rynio et al., 2014) . Thus, the reduction in COF found in this study at 600
• C could be due to the formation hard oxide layer on the sliding tracks, though the layers might have removed and replenished with sliding cycles.
As a brief summary, the present study can give useful insight on the importance of considering both the crystallographic orientation of sliding direction together with the contact surface orientation of SC/PC mating parts such as gas turbine SC blades and PC disk assemblies, where friction/fretting induced stress concentration leads to early fatigue crack nucleation and growth, resulting in premature failure of components.
Summary
The influence of surface orientation and sliding orientation of SC/PC Ni-base superalloy system on the CSF behavior was investigated at room temperature and at 600
• C. The findings of this work are summarized as follows:
• The contact surface orientation was found to have a very significant influence on the room temperature CSF behavior of SC/PC superalloy system, especially when the contact is under mild wear condition.
• Not only the contact surface orientation but also the sliding orientation along SC plane had a strong influence under all normal loads and test temperatures.
• These crystallographic aspects could be reasonably interpreted in relation to the anisotropic elastic properties of SC Ni-base superalloy.
